1 0 (group III) Pup1 alleles were distinguished from genotypes with Kasalath alleles at some of the showing that Pup1 is largely absent from irrigated rice varieties but conserved in varieties and were identified. Following a marker-assisted backcrossing approach, Pup1 was introgressed into two and that it has the potential to significantly enhance grain yield in rainfed and irrigated environments under P-deficient field conditions. Phosphorus uptake 1 (Pup1) is a major quantitative trait locus (QTL) located on rice chromosome 12 3 that is associated with tolerance of phosphorus (P) deficiency in soil (Wissuwa et al., 1998; Wissuwa 4 et al., 2002) . Kasalath, the Pup1 donor variety, was initially identified in a screening of thirty diverse 5 rice genotypes in a P-deficient soil in Japan under rainfed conditions. Subsequently, phenotypic data 6 derived from Nipponbare contrasting near-isogenic lines (NILs) with and without the QTL showed 7 that Pup1 increases P uptake (Wissuwa and Ae 2001a; Wissuwa et al., 2002) and confers a significant 8 yield advantage (2-4-fold higher grain weight plant -1 ) in pot experiments using different P-deficient programs that target drought-prone environments (Chin et al., 2010) .
1
The impact of Pup1 and other QTLs that enhance yield in P-deficient soil and/or under drought stress 2 (Bernier et al., 2009; Venuprasad et al., 2009 ) is potentially very high since about fifty percent of the 3 rainfed rice in Asia is grown on problem soils (Haefele and Hijman, 2007) . Both P-deficiency and 4 drought are widespread problems, particularly in soils with acidic pH and high concentrations of of the analyzed rice accessions. This is likely due to the large number of transposable elements within 1 the Pup1 region (Heuer et al., 2009 ) causing genomic re-arrangements or to unspecific amplification 2 of markers in certain genotypes. Because of the genetic instability of the Pup1 locus, many of the 3 developed markers were not informative when tested in a wider range of rice accessions and the most 4 reliable markers were located in a large Kasalath-specific INDEL and were therefore dominant (Chin accordingly represents both genes (Fig 1a, b) . This marker amplifies a region with five INDEL 1 mutations (Fig 4; Table 2 ).
2
For the dirigent-like gene, two markers (K20-1 and K20-2) were designed that target different regions 3 of the gene (Fig 1a, c; Fig 4 ; Table 2 ). To validate sequence polymorphisms between the Kasalath 4 gene and the most similar Nipponbare gene (Os12g26380), K20-2 PCR amplicons of fourteen rice marker (K1) for this gene was included in the study because of its physical location at the 5´−border 1 of the Pup1 locus (Fig 1a) . This marker amplifies a DNA fragment flanking a 3-bp insertion (GTC) 2 specific to the Kasalath-gene model (Fig 4 ; Table 2 ). The remaining markers target genes coding for kinase gene (marker K46-1) (Fig 6) . With the exception of K29-1 and K29-3, all markers are located 5 within the Kasalath-specific INDEL region (Fig 1a; Chin et al., 2010).
6
It is noteworthy that the intron-specific marker K29-2, in contrast to markers K29-1 and K29-3 that 7 target exons of the same gene, is not associated with the other Pup1 markers (r 2 = 0.34; Fig 6) specificity of this marker and showed a high conservation between the four analyzed sequences (Fig   1  7 3d). However, a low r 2 value (r 2 =0.36; Fig 6) indicates that marker K46-2 is less informative than
K46-1 and the latter is therefore recommended for breeding applications and allelic surveys.
9
Based on this assessment, a core set of the six most informative Pup1 markers was defined (K29-1, contrast, Kasalath alleles for the core markers are absent in genotypes within group II and III.
4
Interestingly, group II is mainly defined by the presence of Kasalath alleles for the markers K29-2 and 2 5 K46-2 (see above), whereas genotypes in group III do not possess any Kasalath allele, with the 2 6 exception of K5.
7
In agreement with earlier data (Chin et al., 2010) , all genotypes within group I are adapted to rainfed 2 8 drought-prone environments, whereas the majority (63%) of genotypes within group II and group III accessions that were included in this study are represented in all three groups, suggesting that Pup1 is 3 1
not an indica/aus type-specific locus. The Pup1 marker survey described above has revealed the presence or partial presence of the Kasalath
Pup1 locus in the majority of the varieties and breeding lines analyzed. For marker-assisted breeding 1 0 applications it is therefore critically important to first determine the Pup1 haplotype in the parental 1 lines. The core marker data indeed indicate that two of the three Indonesian varieties selected for 2 breeding indeed possess some (Batur) or all (Dodokan) Kasalath alleles (Fig 4; Fig 8) . In contrast,
3
Kasalath alleles were not detected with the core markers IR64 and IR74 and both belong to group III 4 (Fig 4; Fig 5) .
5
For the development of Indonesian Pup1 varieties, Kasalath and the Pup1 near-isogenic line C443 generations is now ongoing.
For the development of irrigated Pup1 varieties, the near isogenic line NIL14-4 (Chin et al., 2010) Pup1 locus (Pup1+/Pup1−) were selected and again genotyped. The data showed that background 2 5
introgressions were further reduced and that 89−93% of the recipient genome was restored (IR74-
6
Pup1+: 93%; IR74-Pup1−: 93.4%; IR64-Pup1+: 92.6%; IR64-Pup1−: 89.4%). The IR64-Pup1 and IR74-Pup1 breeding lines have been subjected to a very stringent genotypic 3 0 selection (see above) and only nearly identical and non-segregating BC 2 F 3 sister lines (Pup1+/ Pup1-) outperformed the original parent under both P-fertilized and P− conditions (Fig 8a, left) . On average,
the best lines developed a 22% (P+) and 14% (P−) higher grain yield compared with Situ Bangendit.
7
In the Batur-Pup1 population, the largest effect was observed under P-fertilized conditions and the 1 8 best lines developed a two fold higher grain yield than Batur (Fig 8, middle) . In contrast, only one 1 9
Dodokan-Pup1 line showed a better performance compared with Dodokan (Fig 8, right) . This finding 2 0 is in agreement with the genotypic data (Fig 4) showing that the tolerant Pup1 locus is naturally 2 1 present in Dodokan, whereas it is absent in Situ-Bangendit, in which we have observed the largest 2 2 improvement in grain yield. In Batur, some Kasalath Pup1 alleles were detected, including the 2 3
protein-kinase gene (Fig 4) . Interestingly, improved performance of the Batur breeding lines was 2 4
mainly detected under P+ conditions (Fig 8) , suggesting that Batur naturally possesses some tolerance 2 5
of P-deficiency, possibly related to the presence of the Pup1 protein kinase. this marker is more specific than K46-1, which is located within the coding region. The finding that, 1 0 in most genotypes within group II, an amplicon was derived only with marker K46-2 but not K46-1
suggests that the coding region is mutated or truncated in some genotypes and that the K46-1 primers
do not bind to the mutated gene. These data demonstrate the complexity of functional-marker design
and suggest that multiple markers should be used to assess major genes in breeding programs.
4
Recently, rapid progress has been made with the development of SNP markers that facilitate high- technology is a very useful tool for background genotyping of mapping and breeding populations and (IRRI, unpublished) and will enable breeders to routinely screen their populations for important 2 0
tolerance genes and other agronomically useful genes. In order to include Pup1 in this panel, it will be 2 1 necessary to develop SNP markers for the Pup1 core genes. Based on allelic sequencing data, SNPs 2 2 have been identified for three genes (OsPupK20, OsPupK29, OsPupK67) that can be targeted for this 2 3
purpose. However, the allelic sequence data derived from K20-2 and K29-2 amplicons suggest that
the INDEL mutations targeted for marker design in this study might be more informative than the 2 5
SNPs across genotypes (Fig 3a, b) . Likewise, the genes located in the Pup1-specific INDEL cannot be 2 6
Based on the above-described marker data and the RT-PCR expression analysis, the dirigent-like gene 1 OsPupK20, the hypothetical protein OsPupK29, and the protein-kinase gene OsPupK46 have been 2 short-listed as priority candidate genes. Since none of these genes code for a known structural P 3 uptake-related gene, the mode of action of Pup1 is still unclear. However, the expression data suggest in responses to abiotic stresses.
5
The hypothetical protein OsPupK29 is of interest because of its root-specific expression and putative
role in Pup1 evolution (see above). The two Nipponbare genes that show high partial sequence function of these genes is currently unknown and it will be interesting to conduct comparative studies 2 0 between the Kasalath and Nipponbare genes.
1
The presence of a novel protein-kinase gene suggests that Pup1 might confer tolerance via a 2 2 regulatory pathway. OsPupK46 is predicted as a Ser/Thr kinase and as such shows homology to many regulation of fifteen Ser/Thr kinase genes under P-deficient conditions (Misson et al., 2005) . Of these,
At1g67000, which was specifically up-regulated in roots, was most similar to the Pup1 kinase (8e-93).
6
However, a TAIR BLASTp search revealed a higher sequence similarity with SNC4 (At1g66980; 9e- absent from the Kasalath gene and it is therefore unlikely that OsPupK46 is an orthologous gene. In
yeast, the PHO regulon has been described in detail (for a review see Oshima, 1997) . The regulon has a function similar to PHO85 remains to be analyzed. For the development of the Pup1 breeding lines, we have followed a marker-assisted backcrossing 1 3
approach that was first applied for the development of submergence-tolerant rice varieties (e.g.,
Swarna-Sub1 and IR64-Sub1). These Sub1 varieties are now being widely adopted in submergence-
prone regions in Asia and Africa (Xu et al., 2006; Septiningsih et al., 2008; Venuprasad et al., 2009) .
The same approach is also being applied for the development of drought-and salinity-tolerant adopted by farmers since eating quality and other traits remain unchanged.
4
The development of the Pup1 varieties is still work in progress and additional backcrosses and marker field data of the five breeding populations suggest that Pup1 has the potential to significantly improve 2 7 plant performance. In Indonesia, the largest beneficial effect of Pup1 on grain yield (up to a 2-fold 2 8
increase) was obtained in the genetic background of Situ Bagendit and Batur. In Batur, this was 2 9
mainly observed under P-fertilized conditions. It will be interesting to analyze whether the lack of 3 0 improvement under P-deficient conditions is related to the Pup1 protein kinase, which is naturally For the identification and evaluation of major QTLs, a robust and reliable phenotyping system is a 5 prerequisite. Since Pup1 cannot be phenotyped in liquid culture solutions, in contrast to e.g., salinity 6 and aluminum toxicity (Chin et al., 2010; Thomson et al., 2010; Chen et al. 2006) , phenotyping has to 7 be conducted in soil, which is inconvenient and a problem for physiological and molecular analyses.
8
In addition, many P-deficient soils are constrained by other stresses (e.g., Al-toxicity, salinity, acidity, interfere with Pup1 phenotyping. In the future it will therefore be important to combine tolerance of Despite the large number of published QTLs, still only a few are actively used by breeders (for a Table   3 1); 1x PCR buffer, 0.5 mM dNTP mix, and 1 U Taq DNA polymerase (Beijing SBS Genetech Co. primer design was based on revised gene models (accession numbers will be provided). For all
Kasalath gene models, nucleotide and amino acid sequences were subjected to BLASTn and BLASTp between alleles, allele-specific restriction sites were identified to develop cleaved amplified 2 4 polymorphic site (CAPS) markers using NEB cutter V.2 software (http://tools.neb.com/NEBcutter2).
5
For genes that were specific to Kasalath, dominant markers were designed generally targeting 2 6
In total, eighty one diverse rice accessions from the rice germplasm collection and IRRI breeding 1 lines were included in the study (Supplementary Table 1 
Phenotyping of Pup1 breeding lines under field conditions 1 3
The IR64-Pup1 and IR74-Pup1 BC 2 F 3 breeding lines and parents were phenotyped at the IRRI collected from three replicated plots. resistance in rice, qtl12.1, over a range of environments in the Philippines and eastern India. The Pup1 genes indicated were analyzed by RT-PCR using RNA samples derived from roots 2 1
and shoots of plants grown in P-deficient soil with (+P) and without (−P) P-fertilizer sister line without the tolerant Pup1 locus (NIL14-6 = "−") were used as intolerant controls.
2 5 cDNA samples were analyzed by PCR using the cycle number indicated on the right. GAPDH was included as a control. H 2 O: water control. eleven dominant Pup1-specific markers (bottom panels). The markers target a total of twelve 1 2
Kasalath Pup1 gene models. PCR products K20-1 and K20-2 were digested with MseI (K20- The Pup1 genes indicated were analyzed by RT-PCR using RNA samples derived from roots and shoots of plants grown in P-deficient soil with (+P) and without (−P) P-fertilizer application were analyzed. Two different tolerant Nipponbare-Pup1 near-isogenic lines with the Kasalath Pup1 locus (NIL24-4 = 1+; NIL14-4 = 2+). Nipponbare (NB) and a NIL14-4 sister line without the tolerant Pup1 locus (NIL14-6 = "−") were used as intolerant controls. cDNA samples were analyzed by PCR using the cycle number indicated on the right. GAPDH was included as a control. H 2 O: water control. PCR amplicons of five markers were sequenced in the rice varieties indicated to determine the specificity of the primers and validate sequence polymorphisms. For OsPupK20-2, a non-synonymous SNP at +620 bp was identified that changed the amino acid sequence in exon 2 (T: Nipponbare, C: Kasalath) (a, left) and created a Bsp1286I site in Kasalath-type alleles but not in non-Kasalath (N-type) alleles. In the adjacent intron, one SNP (+660 bp) and one INDEL (+665−671 bp) were identified. The SNP creates an MseI restriction site (a, right). For OsPupK29-1, a polymorphic region with one INDEL and four SNPs is amplified by the marker K29-1 (b). Another INDEL in OsPupK29-1 is targeted by the marker K29-3 (c). PCR products of the dominant marker K46-2 (stop codon is highlighted in gray) were sequenced in three varieties that possess the OsPupK46 gene (d). Only polymorphic regions of the sequence regions are shown. 
